Cell polarity is an important characteristic of both unicellular and multicellular organisms and consists of an asymmetry of cell shape and protein distribution that determines the distinct specialized functions of the different parts of the cell cortex. The disruption of epithelial-cell polarity is a critical step for tumor development (reviewed in reference 1). Ezrin, radixin, and moesin (ERM) and neurofibromatosis type 2 (NF2) tumor suppressor compose a subfamily of proteins that belongs to the protein 4.1 superfamily (3). ERM proteins are localized predominantly at the apical membranes of polarized epithelial cells and are known to organize protein complexes that link the membrane to the cytoskeleton. The molecular organization of ERM proteins consists of an amino (N)-terminal FERM (band 4.1, ERM) domain, an extended coiled-coil region, and a short carboxy (C)-terminal domain. Through the FERM domain, ERM proteins bind to transmembrane or membrane-associated proteins, and through their C-terminal domains, they directly interact with actin. ERM proteins form intra-and intermolecular associations by a head-to-tail interaction between their N-and C-terminal domains. The disruption of this interaction by phosphorylation of a conserved residue in the C-terminal domain (T567 in ezrin) represents an important mechanism for promoting the interaction of ERM proteins with other molecules (reviewed in reference 3). One of the main ERM-binding (EB) partners is the adaptor, membrane-associated protein Na ϩ /H ϩ exchanger (NHE) regulatory factor 1/ERM-binding phosphoprotein 50 (NHERF1/ EBP50). NHERF1 was first characterized as an essential cofactor for cyclic AMP inhibition of Na ϩ /H ϩ exchange in the rabbit renal brush border membrane (42) . ERM proteins bind through their FERM domains to a C-terminal 14-amino-acid EB region of NHERF1 (6) . Studies of NHERF1 Ϫ/Ϫ mice have shown that NHERF1 is important for stabilizing active phosphorylated ERM proteins at the apical membrane of the polarized epithelia of the kidney and small intestine (24) . In addition, NHERF1
Ϫ/Ϫ mice present structural defects of the intestinal brush border membrane that resemble defects found in ezrin Ϫ/Ϫ mice (24, 30) . A reciprocal destabilization of NHERF1 from the apical membrane of ezrin Ϫ/Ϫ mice was observed, suggesting that the localizations of ezrin and NHERF1 at the apical membrane are interdependent (24, 30) .
The N-terminal region of NHERF1 contains two tanden PDZ (postsynaptic-density-95/disc-large/ZO1 homology) domains that bind to the consensus PDZ motif D(S/T)XL (X denotes any residue) present in the C termini of PDZ-interacting proteins (11) . Previous studies have shown that the NHERF1 PDZ1 domain binds to a multitude of ligands, including ion transporters, such as type IIa Na/Pi cotransporter (Npt2) (10) and cystic fibrosis transmembrane conductance regulator (11, 35) ; tyrosine kinase receptors, such as plateletderived growth factor receptor (PDGFR) (22) ; and G proteincoupled receptors (GPCRs), such as ␤2-adrenergic receptor (12) , while the PDZ2 domain binds specifically to ␤-catenin (34) and Yes-associated protein 65 (23) .
A NHERF1 homologous protein, called NHERF2, was identified as being 52% identical and presenting a domain structure similar to that of NHERF1 (43) . Despite the similarity between their PDZ domains, NHERF proteins present different affinities for PDZ-binding partners (37) . Moreover, although NHERF1 and NHERF2 adaptor proteins appear to have functional redundancy, their tissue distributions are distinct. NHERF1 is generally expressed in epithelial tissues coexpressing ezrin, and NHERF2 is coexpressed with moesin and radixin in the alveoli of the lung (16) . The renal-proximal tubule cells where NHERF proteins coexist represent an exception to this distinct expression pattern. However, while NHERF1 is expressed apically in association with NHE3, Npt2, and ezrin, NHERF2 is predominantly expressed in the subapical vesicular compartment in these cells (40) .
The molecular differences between the NHERF homologous proteins are not well characterized. In the present work, we show that NHERF1 adopts an intramolecular "head-totail" folding in which the N-terminal PDZ2 domain interacts with the C-terminal region. This conformation inhibits the association of NHERF1 PDZ domains with PDZ ligands, such as PTEN or ␤-catenin. The binding of NHERF1 to PDZ ligands was enhanced by prior interaction of the NHERF1 EB region with ERM proteins. Based on these findings, we propose a two-step model in which an initial association between NHERF1 and ERM proteins would unmask NHERF1-PDZ domains for subsequent binding to proteins containing a PDZ motif.
pended in Laemmli sample buffer and analyzed by Western blotting. For the dimerization studies, recombinant proteins were analyzed by nondenaturing polyacrylamide gel electrophoresis.
For immunoprecipitation, 293T cells cotransfected with either NHERF1-FL, FL-⌬SNL, or pCMV-2-FLAG vector and PTEN-C124S-3A or ezrin-⌬53, were treated with 5 mM dithiobis(succinimidyl)propionate (Pierce) for 30 min at room temperature. The cells were lysed with Triton X-100 buffer (50 mM HEPES [pH 7.5], 100 mM NaCl, 10 mM EDTA, 10% glycerol, and 1% Triton X-100) and processed as described previously (8) . All the buffers for protein analysis contained 1 mM phenylmethylsulfonyl fluoride, 21 g/ml aprotinin, 1 mM sodium orthovanadate, and 0.1 mM sodium molybdate. The primary antibodies used were Myc (Invitrogen), Myc (9E10), GST, PTEN (A2B1 and N19) (Santa Cruz Biotechnology), NHERF1 (Calbiochem), and NHERF2 (24) . Epitopes on both the PDZ1 and PDZ2 domains are recognized by NHERF1 polyclonal antibody.
Immunofluorescence analysis. OKP cells (4 ϫ 10 4 ) were plated overnight on poly-D-lysine-coated coverslips in complete growth medium. After transfection, the cells were incubated for 48 h to establish polarity, fixed with 3% paraformaldehyde, and processed as described previously (9) . The actin cytoskeleton was stained by incubation with rhodamine-labeled phalloidin. Alexa Fluor 488 goat anti-rabbit immunoglobulin G (Molecular Probes) was used as a secondary antibody. Image stacks were acquired on a motorized Nikon TE2000 inverted microscope equipped with a Photometrics CoolSnap HQ charge-coupled device camera (Roper Scientific). Camera and microscope functions were controlled using Metamorph software (Molecular Devices). Autodeblur software (Autoquant) was used to deconvolve the images.
RESULTS
NHERF1 contains a C-terminal PDZ motif that interacts with the PDZ2 domain. Although NHERF1 interacts strongly with ezrin through the EB region (29) , its binding to PDZ domain ligands has been difficult to prove (4, 20, 37) . To investigate the possibility that NHERF1 adopts a closed folding in which an intramolecular region binds to its PDZ domains, we analyzed in an overlay assay the combinatorial homotypic interactions between a series of NHERF1 domain mutants (Fig. 1A ). These proteins were purified from bacteria fused to GST either with or without a Myc tag. The interaction between the nontagged proteins immobilized on filters and the overlying Myc-tagged proteins present in solution was revealed by subsequently probing the filter with Myc antibody (Fig. 1B) . Myc-tagged NHERF1 FL, PDZ1-2, and PDZ2 deletion mutants interacted with NHERF1 domain mutants that had in common the preservation of the EB region (Fig. 1B) . Conversely, the Myc-EB mutant interacted with filter-immobilized PDZ1-2 (Fig. 1B, fifth blot) . The isolated NHERF1-PDZ1 domain did not by itself establish any homotypic interactions. These experiments showed association between the NHERF1 PDZ2 domain and the EB region.
The examination of the EB region of NHERF1 revealed that its last three amino acids, SNL, conform to the consensus (S/T)XL PDZ motif (11) present in binding partners of NHERF1 PDZ domains (Fig. 1C) . To determine whether this motif mediates NHERF1 homotypic association, we overlaid NHERF1-I2 with or without deletion of the last three residues (⌬SNL) with Myc-tagged NHERF1 PDZ1-2 protein (Fig. 1D) . The deletion completely abolished the association between NHERF1-I2 and PDZ1-2, indicating that the C-terminal PDZ motif is required for the interaction. Moreover, NHERF1 PDZ1-2 preferentially interacted with its own C terminus rather than with the NHERF2 C terminus, in which the Cterminal Leu is replaced by Phe (Fig. 1C and D) , underscoring the importance of the consensus PDZ motif sequence for the interaction with NHERF1 PDZ domains.
Although NHERF1 Myc-PDZ1-2 interacted well with I2 through the PDZ motif, it interacted poorly with filter-immobilized FL that also contained the PDZ motif (Fig. 1B , second blot, and D). Under the reciprocal conditions, filter-immobilized PDZ1-2 did not interact at all with Myc-FL in solution (Fig. 1B, top blot) . These results suggested that the C-terminal PDZ motif is masked in the full-length protein, most likely by intramolecular interaction with the PDZ2 domain. The masking of the PDZ motif depended on the immobilization state of the full-length protein, being partial for the filter-immobilized protein and total for the protein in solution. Conversely, the PDZ2 domain of NHERF1-FL or PDZ2-EB appeared to be masked when these proteins were filter immobilized, as only a breakdown product of NHERF1-FL that had most likely lost the PDZ motif was able to interact with the overlying Myc-EB protein (Fig. 1B, fifth blot) . Taken together, these results suggested the presence of an intramolecular "head-to-tail" interaction in NHERF1 that masks the involved regions to various extents, depending on the immobilization state of the protein.
To determine whether this head-to-tail interaction could be disrupted by phosphorylation, we generated the S290D phosphorylation-mimicking mutant in the primary constitutive phosphorylation site of NHERF1 (13) and tested its interaction with overlying Myc-PDZ1-2 (Fig. 1D) . There was no increase in the interaction between PDZ-1-2 and the PDZ motif of S290D compared to FL, indicating that the phosphorylation of Ser 290 had no impact on the intramolecular PDZ domain-PDZ motif association.
The NHERF1 PDZ motif inhibits the binding of PDZ domain ligands. Because the PDZ domains of NHERF1 interact with many PDZ motif-containing ligands, we investigated whether these interactions were hindered by the PDZ motif of NHERF1. The specific binding of PTEN to NHERF1 PDZ1 (37) and of ␤-catenin to PDZ2 (34) was first analyzed by overlay assay of filter-immobilized NHERF1 FL and I2 with or without a PDZ motif ( Fig. 2A) . Both ligands bound better to the PDZ motif deletion mutant FL-⌬SNL than to the fulllength protein. Moreover, within the same preparation of filter-immobilized full-length NHERF1 protein, both ligands bound better to the low-molecular-weight breakdown products that had most likely lost the EB region than to the intact protein. A concomitant overlay with the ezrin-NT FERM domain showed interaction only with intact EB region-containing proteins ( Fig. 2A , compare the upper two blots with the third blot). This experiment suggested that the C-terminal PDZ motif of NHERF1 hindered the interaction between NHERF1 PDZ domains and their specific ligands. To confirm this finding, a GST pull-down assay with the same PDZ domain ligands was performed on NHERF proteins overexpressed in OKP cells (Fig. 2B ). Both PDZ domain ligands bound better to NHERF1 when it lacked the C-terminal PDZ motif (Fig. 2B , graphs). In contrast, ezrin association with NHERF1 was profoundly disrupted by the deletion of the PDZ motif. No modification of these interactions was apparent for the NHERF1 phosphorylation-deficient S290A mutant that abolishes the phosphorylation on Ser 290 in mammalian cells, suggesting once more (Fig. 1D ) that the phosphorylation of this residue does not modify the configuration of the NHERF1 C-terminal region. In contrast to NHERF1, NHERF2 interacted strongly with PTEN and ␤-catenin (Fig. 2B) , indicating a lack of intramolecular inhibition for PDZ domain ligand binding within this molecule. Coimmunoprecipitation of proteins overexpressed in 293T cells confirmed that the deletion of the NHERF1 C-terminal PDZ motif enhanced the binding of PTEN and strongly decreased the binding of ezrin to NHERF1 in vivo (Fig. 2C) . In vitro, a GST pull-down assay with GST-PTEN, ezrin, and ␤-catenin on recombinant NHERF1 FL and an FL-⌬SNL deletion mutant yielded the same results (Fig. 2D ). In this assay, which used NHERF1 recombinant proteins, the difference between ligand binding to NHERF1-FL and to ⌬SNL was not as striking as in the previous GST pull-down assay performed on (Fig. 2D,  graph) . For mammalian-cell-expressed NHERF1 proteins, tighter intramolecular conformational constraints or competitive interaction with proteins from the cellular milieu may explain the more drastic difference from a nonpermissive to a permissive ligand-binding state. This more stringent GST pulldown assay on mammalian-cell-expressed proteins was used to test the consequences of NHERF1 PDZ motif deletion for the association of other NHERF1 PDZ1 domain ligands, such as PDGFR or epidermal growth factor receptor (EGFR), and of another EB-binding ERM member, NF2 (Fig. 2E) . While there was no detectable association between NHERF1 and EGFR, confirming our previous results (37), the deletion of the NHERF1 PDZ motif increased the binding of NHERF1 to PDGFR and abolished binding to NF2. These results reinforced the idea that the structural modification induced by NHERF1 PDZ motif deletion rendered the PDZ domains more accessible for interaction with various ligands while it hampered association with ERM proteins. Because the NHERF proteins were reported to homo-or heterodimerize through their PDZ domains (7, 18, 31) , we also analyzed whether the deletion of the NHERF1 PDZ motif modified the dimerization abilities of NHERF1 PDZ domains. As we could not detect homo-or heterodimerization with filter-immobilized proteins (Fig. 1B and D and results not shown), we tested the ability of recombinant NHERF1 to dimerize in solution. Various concentrations of recombinant full-length NHERF1 and a ⌬SNL deletion mutant were subjected to gel filtration (Fig. 3A) . Both proteins eluted in two peaks, a prominent monomeric peak and a second most likely dimeric peak with double the apparent molecular mass of the monomeric peak (Fig. 3A) . The dimeric peak was more pronounced for the full-length protein, indicating lower dimerization ability of the C-terminal NHERF1 deletion mutant. Varying the input concentration of the proteins between 0.25 and 1 mg/ml did not significantly alter the elution profile (not shown), indicating stable elution profiles within this concentration range. Similar findings were obtained by electrophoresis on nondenaturing gels, which revealed two NHERF1 bands corresponding to the monomeric and dimeric forms (Fig. 3B) . When full-length NHERF1 was preincubated with the ezrin FERM domain, both bands shifted at the expense of a band of intermediate size containing both proteins. The ⌬SNL deletion mutant appeared to dimerize less and, as expected, did not interact strongly with ezrin. These results suggested that while the conformation change induced by the C-terminal deletion increases NHERF1 PDZ domain ligand binding, it slightly decreases PDZ domain-mediated dimerization ability in solution.
PDZ domain ligand binding is enhanced by EB region association with ezrin. Because the EB region interacts with ERM proteins but masks the interaction with PDZ ligands, we tested whether prior engagement of the NHERF1 EB region by the ezrin FERM domain might result in exposure of the PDZ domains. A recombinant Myc-tagged ezrin-NT FERM domain was incubated with NHERF1 FL, and the binding of GST-PTEN-CT and GST-␤-catenin-CT was tested on the mixture, as well as on NHERF1 FL alone and FL-⌬SNL as controls (Fig. 4A) . The binding of PDZ domain ligands significantly increased when NHERF1 was preincubated with the ezrin FERM domain. Similar results were obtained by preincubation of the NF2 FERM domain with NHERF1 (not shown). As expected, GST-ezrin-NT competed with prebound Myc-ezrin-NT and associated less with NHERF1 under these conditions (Fig. 4, graph) . Although Myc-ezrin-NT did not bind directly to GST-PTEN-CT or to GST-␤-catenin-CT (not shown), it was precipitated by these proteins in complex with NHERF1 (Fig. 4A, lanes 12 and 14) , suggesting the formation of a ternary complex bridged by NHERF1. The small amount of Myc-ezrin-NT precipitated by GST-ezrin-NT via NHERF1 was most likely due to a certain degree of NHERF1 dimerization in solution (Fig. 4A, lane 13) . Similar results were obtained by bridging overlay assays in which GST-PTEN-CT and GST-␤-catenin were immobilized on filters together with GST and GST-NHERF1-FL as negative and positive controls, respectively (Fig. 4B) . A first overlay with NHERF1 alone or in a mixture with a nontagged ezrin-NT FERM domain, followed by a second overlay with Myc-␤-catenin-CT or Myc-ezrin-NT, showed bridging of filter-immobilized proteins to overlaid Myc-tagged proteins only by NHERF1-FL prebound to the ezrin FERM domain (Fig. 4B , compare the blots in columns I and III). In contrast, NHERF2 bridged the complexes irrespective of its prior incubation with the ezrin FERM domain (Fig. 4B , compare the blots in columns IV and V), suggesting that this molecule is in an "open" conformation state. The slight bridging of Myc-␤-catenin to filter-immobilized ␤-catenin by NHERF1 prebound to ezrin or by NHERF2 was due to the dimerization of NHERF proteins in solution (Fig. 4B , blots in columns III to V, first row). As expected, ezrin-NT in the absence of NHERF proteins did not bridge any of these complexes (not shown). These experiments showing increased affinity of NHERF1 for PDZ domain ligands after EB region engagement by ezrin suggested that the association of NHERF1 with ezrin is a mechanism for release of the intramolecular hindrance of NHERF1 PDZ domains.
Characterization of NHERF1 EB region motifs that influence the associations with PDZ domain ligands and ezrin.
Recently, the crystal structures of the complexes between the radixin FERM domain and NHERF1 or NHERF2 peptide consisting of the last 28 C-terminal residues were solved at 2.5-and 2.8-Å resolution, respectively (38) . Under these conditions, the last 11 amino acids of NHERF1 form a three-turn amphipathic ␣-helix (Fig. 5A and B) that is required for FERM domain binding (6, 38) . This ␣-helix includes the terminal PDZ-binding motif that predictably stabilizes the ␣-helix, as was also observed from the higher probability value of ␣-helix formation for full-length NHERF1 than for a ⌬SNL mutant (Fig. 5B) . The destabilization of the ␣-helix in the ⌬SNL mutant most likely determined the severe impairment of ERM protein binding (Fig. 2B and 5C ).
To discriminate between the contributions of the two Cterminal structural elements for NHERF1 PDZ domain masking, we generated point mutations aiming to selectively disrupt the ␣-helix and the PDZ motif ( Fig. 5A and B) . Based on secondary-structure prediction, the mutant F355P disrupts the terminal ␣-helix (Fig. 5B) . On the other hand, the F355R mutation is predicted to disrupt interaction of the ␣-helix with a pocket of the FERM domain (Fig. 5A ) and was previously shown to abolish FERM domain binding (6) . Both these mu- (Fig. 5C) , suggesting that the ␣-helix is required for PDZ domain masking. Two types of mutations were also performed in the NHERF1 PDZ motif, a mutation of the consensus (Ϫ2) position residue Ser356 to Ala, disrupting the PDZ motif but not the ␣-helix, and a mutation changing the last residue, Leu358, to Phe, as in NHERF2 (Fig. 5A and B). The S356A mutation minimally decreased the ezrin FERM domain association, indicative of the integrity of the ␣-helix, and only moderately increased the binding of PDZ domain ligands compared to the NHERF1 wild type (Fig. 5C) . No significant differences in PDZ domain ligand binding were observed for either L358F or L354I/L358F, changes that mimic the C-terminal sequence of NHERF2 (Fig. 5C ), suggesting that these changes are not sufficient to unmask NHERF1 PDZ domains. Surprisingly, these results indicated that the element important for the masking of NHERF1 PDZ domains is the C-terminal ␣-helix rather than the PDZ motif. The EB region of NHERF1 was shown to be necessary for apical localization of overexpressed NHERF1 in opossum kidney cells, most likely by recruitment of NHERF1 to apically localized endogenous ERM proteins (14) . We used this in vivo subcellular localization assay to confirm the various degrees of EB region disruption of the NHERF1 mutant proteins (Fig. 6 ). In agreement with the NHERF1-ezrin association results in Fig. 5C , full-length NHERF1 and the S356A, L358F, and L354I/L358F mutants localized to apical microvilli in the polarized epithelial OKP cells. This finding indicated that all these mutants preserved the terminal ␣-helix even if the prob- Shown are ribbon models of the NHERF1 EB region docked to the radixin FERM domain and of the CRIPT C-terminal peptide KQTSV bound to the PSD-95 PDZ3 domain. The peptides are shown in red, and the molecular surfaces of domains to which they bind are in blue. For clarity, only the side chains of residues in positions 0, Ϫ2, and Ϫ3 and the carboxyl group of the last residue are shown as "sticks." These residues are indicated in yellow. Note the contrast between the ␣-helical, compressed conformation of the NHERF1 PDZ motif and the linear, extended conformation of the canonical PDZ motif of CRIPT. The figures were generated with the PyMOL program and the Protein Data Bank accession numbers 2D10 (38) and 1BE9 (5). (B) C-terminal amino acid sequence alignment for NHERF1 FL and the indicated mutants and for NHERF2. Mutated residues are shown in boldface. The last 11 residues forming the ␣-helix shown in panel A are underlined. The probability of ␣-helix prediction (Pr:H) assigned by the program PredictProtein from the European Molecular Biology Laboratory, Heidelberg, Germany, is scaled in numbers from 0 to 9. Note the disruption of the ␣-helix by deletion of the PDZ motif. (C) Western blot analysis with NHERF1 antibody of proteins precipitated with PTEN, ezrin, and ␤-catenin GST fusion proteins (top) from OKP cells transfected with the constructs specified in panel B. The amounts of precipitated NHERF proteins were quantified by densitometric analysis as in Fig. 2B and are expressed graphically as percentages of the corresponding input total lysate (TL).
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ability of ␣-helix formation was lower for the mutants containing NHERF2 residues (Fig. 5B) . The deletion of the NHERF1 PDZ motif largely displaced the ⌬SNL mutant from the microvilli in the cytoplasm, while the PDZ1-2 deletion mutant and the F355P and F355R point mutants that did not associate with the ezrin FERM domain failed completely to localize apically (Fig. 6) . Interestingly, the F355P mutant presented a punctate cytoplasmic staining in comparison to F355R and PDZ1-2. Although the significance of this difference is unknown at present, we speculate, based on the crystal structure and secondary-structure predictions ( Fig. 5A and B) , that while the F355R change may preserve the folding and amphipathy of the ␣-helix, the F355P mutation would entirely disrupt the structure of the ␣-helix. These dissimilar changes may distinctly affect the folding and oligomerization state of the whole molecule, with consequences for cytoplasmic distribution and/or reactivity to paraformaldehyde fixation. Overexpressed NHERF2 had an apical localization distinct from that of NHERF1, reminiscent of the subapical localization in kidney-proximal tubules of the endogenous NHERF2 (40) .
DISCUSSION
The regulated dynamics of association and dissociation of proteins in complexes is a topic of increasing importance, as defects of protein complex formation are responsible for many human pathological conditions, including cancer (27, 28) . As a consequence, many therapeutic efforts were recently directed toward the discovery of small molecules inhibiting protein complex formation in signaling pathways that are altered in cancer, the most notorious being the p53/Mdm2 and Wnt/␤-catenin pathways (19, 39) . The study of adaptor proteins, formed only from modular domains mediating protein-protein interactions, is of particular interest in this respect. NHERF proteins emerged recently as critical adaptors in controlling epithelial-tissue polarity via interaction with ERM proteins (2, 24), metabolic processes via interaction with transmembrane ion transporters (32, 35, 42) , and cellular growth via interaction with growth factor receptors and tumor suppressor proteins (22, 25, 34, 37) . In this study, we found that NHERF1/EBP50 folds in a head-to-tail conformation that inhibits the interaction of its PDZ domains with ligands. Structurally, the intramolecular interaction took place between the NHERF1 PDZ2 domain and the EB region that ends in a PDZ motif, which was previously described as a consensus PDZ motif for NHERF PDZ domain binding (11) . Predictably, this folding would engender competition for PDZ2 domain binding between the NHERF1 PDZ motif and the PDZ motifs of heterotypic ligands. Surprisingly, we found that the EB region masked not only the association of the PDZ2 domain with the PDZ2 domain-specific ligand ␤-catenin, but also the associations of the PDZ1 domain-specific ligands PTEN and PDGFR␤. Another peculiarity of this intramolecular folding was that although the PDZ motif was required for the homotypic interaction and to some extent for the masking of the PDZ domains, the most important structural element for PDZ domain masking was a C-terminal three-turn ␣-helix. This ␣-helix is the same structural element of the EB region that mediates binding to ERM proteins (38) , and the PDZ motif is embedded in its last halfturn (Fig. 5A) . The folding of the NHERF1 PDZ motif thus appears to be unique compared to linear PDZ motifs in other proteins (5) (Fig. 5A) , and the nature or even the site of the intramolecular interaction with the PDZ2 domain may very likely be different from those characterizing a classical PDZ motif-PDZ domain interaction, such as the one between the ␤-catenin PDZ motif and the PDZ2 domain. Although we did not find direct interaction between the EB region and the PDZ1 domain, it is conceivable that PDZ1 participates in the stabilization of intramolecular folding, possibly by making contacts with the C-terminal ␣-helix or other EB elements. These contacts would be sufficient to mask the access of linear PDZ motifs to the NHERF1 PDZ1-binding groove (17) , explaining the inhibition by the EB region of both PDZ domains' ligand binding. NHERF1 intramolecular folding appeared to inhibit PDZ domain association with PDZ motif-containing ligands and to slightly increase PDZ domain-mediated dimerization. This finding argued for different binding interfaces within NHERF PDZ domains for these distinct types of PDZ domain interactions, most likely as in the case of a GRIP1 PDZ6 domain that also engages in homodimerization (15) . However, it also pointed out that a more complex structural change than just the PDZ-binding groove masking/unmasking takes place when NHERF1 switches from a "closed" to an "open" conformation. It appears that the open conformation, as induced by prior interaction with ezrin, would favor the interaction with PDZ ligands but not the dimerization. Along this line, we detected NHERF1 dimers containing ezrin only in very small amounts (Fig. 5A) . On the other hand, the subsequent interaction of NHERF1 PDZ domains with PDZ ligands might restore the dimerization ability, similarly to the intramolecular closed conformation. This possibility might explain the observed increase of NHERF1 dimerization by prior binding to C-terminal fragments of ␤2-adrenergic receptor and PDGFR (18) .
Because of the involvement of the NHERF1 EB region in intramolecular folding, we reasoned that the engagement of this region by binding to ERM proteins would open the molecule and allow access by PDZ domain ligands. Accordingly, we characterized a mechanism for unmasking the PDZ domains by prior interaction of the NHERF1 EB region with ERM proteins (Fig. 7) . Preincubation of NHERF1 with ezrin completely unmasked the PDZ domains for heterotypic ligand binding and allowed the assembly of various protein complexes containing both ezrin and PDZ domain ligands. In vitro, we could distinguish ternary complexes containing ezrin and one PDZ domain ligand that were bridged mainly by single NHERF1 molecules. In overlay assays, we could even show that NHERF1 prebound to ezrin could assemble PDZ domain ligands to both PDZ domains, most likely on single NHERF1 molecules (Fig. 5B ). This diversity of protein complexes triggered by a prior interaction between NHERF1 and ezrin suggested a possible model in vivo in which the high-affinity binding between NHERF1 and ERM proteins at the plasma membrane (24, 26, 29) would engender unmasking of NHERF1 PDZ domains and subsequent recruitment of intracellular ligands, such as PTEN or ␤-catenin, to the cortical compartment or strong binding of NHERF1 to transmembrane PDZ domain ligands, such as PDGFR, GPCRs, or ion transporters. In these cortical complexes, NHERF1 would regulate or stabilize its PDZ domain ligands (33) . In support of this hypothesis, the presence of the EB region was found to be necessary for the regulation and membrane stabilization of transmembrane ion transporters and GPCRs by NHERF1 (21, 36, 41) .
In contrast to NHERF1, NHERF2 interacted well with PDZ domain ligands, to an even greater degree than with ezrin. In the absence of ezrin prebinding, NHERF2 could assemble complexes containing PDZ domain ligands to extents similar to those of NHERF1 prebound to ezrin (Fig. 4B) . Furthermore, the ability of NHERF2 to form complexes was not enhanced by prior interaction with ezrin, suggesting that NHERF2 is in an "open" conformation and that the binding of ezrin does not regulate its ability to interact with PDZ domain ligands. A possibility explaining the difference in intramolecular folding between the NHERF proteins could be that the EB region of NHERF2, which differs by several residues from that of NHERF1 (Fig. 5B) , does not mask the PDZ domains. However, both EB regions were reported to form the C-terminal three-turn ␣-helix (38) that we showed to be necessary for PDZ domain masking, and the swapping of one or two residues from NHERF2 to the NHERF1 PDZ motif and ␣-helix did not unmask NHERF1 PDZ domains or change NHERF1 subcellular localization. Perhaps these changes were not sufficient to disrupt NHERF1 intramolecular folding, and a more extensive swap of the EB region might be necessary to achieve this effect. The fact that we did not detect binding between NHERF1 PDZ1-2 and NHERF2 constructs containing the whole EB region (Fig. 1D) favors this possibility. Another possibility is that the conformations of the PDZ domains differ in the two proteins and NHERF2 PDZ domains are less prone to entail a head-to-tail interaction. We have previously shown that the PDZ domains of NHERF1 and NHERF2 are not equivalent and that ligands of the NHERF1 PDZ1 domain have higher affinity for the NHERF2 PDZ2 domain (37) . Regardless of the affinities of individual PDZ domains for ligands, the difference in ligand accessibility to the PDZ domains and the possibility to regulate this accessibility in NHERF1 suggest important functional differences between the two NHERF proteins. While NHERF2 may constitutively interact with PDZ domain ligands, the controlled interaction of NHERF1 with PDZ domain ligands may implicate NHERF1 in more dynamic processes, such as trafficking.
Although intramolecular head-to-tail inhibitory conformations have been described for many molecules, including the ERM proteins (3), this is the first such folding involving PDZ domains. Because of the novel features of NHERF1 intramolecular interaction, most likely involving both PDZ domains and at least two structural elements of the EB region, solving the three-dimensional structure of the full-length molecule appears to be an important step in elucidating these interactions. Moreover, this approach will shed light on the mechanism of PDZ domain masking, providing important insights for the development of PDZ domain-blocking drugs for cancer therapy.
